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Estimates of In Situ
Deformability with an NX
Borehole Jack, Spent Fuel

Test—Climax,
Nevada Test Site*

Abstract

A series of borehole modulus measurements was obtained at the Spent Fuel Test—
Climax (SFT—C) facility following removal of heat sources and a subsequent 1-year
cooling period. A total of 212 measurements were obtained using a standard hardrock
NX borehole (Goodman) jack. The results of 64 measurements made at the site before
heating were reanalyzed for comparison with the post-heat data, Modulus values were
calculated from the straight-line portion of the pressure vs displacement curves.

Although the deformation modulus was observed to be highly variable, models
were developed to explain much of this variability. Typically, spacial effects, anisotropy,
and heating effects were present. The test results indicate that the deformation modulus
tended to increase in the pillars between the underground openings where temperatures
increased about 10°C above the ambient 24°C during the SFT—C. Conversely, a decrease
in modulus was observed where temperatures were near 60°C for a three-year period. In
most cases, we found the modulus values to be slightly higher for vertical than for
horizontal loading. There was a tendency for the modulus to be lower near excavated
openings. While this effect was not ubiquitous, it was statistically significant.

Introduction and Background

The Spent Fuel Test—Climax (SFT—C) is a
test of deep geologic storage and retrieval of com-
mercial spent nuclear fuel assemblies {(Ramspott
et al., 1979). Conducted under the technical direc-
tion of the Lawrence Livermore National Labora-
tory (LLML), the test is part of the Mevada
Muclear Waste Storage Investigations, which are
administered by the Department of Energy’s Ne-
vada Operations Office,

The basic geometry of the SFT—C facility is
three parallel drifts connected at their ends
{(Fig, 11. The cenber doft is 6.1 m high % 4.6m
wide x 65 m long and has 17 storage boreholes in
the Roar, which held 11 spent nuclear fuel assem-
blies and 6 electrical heaters during the 3-year
heated phase of the test. Parallel heater drifts
measuring 34 m = 3.4 m in section are located on

either side of the center drift. Each of these heater
drifts had 10 electrical heaters located in the floor
during the 3-year heated phase of the test. This
combination of heat and radiation sources simu-
lated the thermal effects of a panel of a full-scale
repository, raising rock temperatures bo 83°0 near
the storage boreholes in the center drift and to
well over 300°C near the electrical heaters in the
two side drifts (Patrck et al., 1982 and 1983},
Kock deformability characteristics are re-
quired for input to calculations of displacements
and stress changes that would occur as a result of
excavating and later heating the SFT—C Facility.
Several laboratory studies were conducted to de-
termine the Youngs modulus and Poisson’s ratic
of intact cores of the Climax stock quartz monzo-
nite (CSOM) in which the test facility s located

* Prepaned by Mevada Mudear Washe Sorage Investigations (MMNWSI Project participants as part of the Civilian Radioactive
asle Management Program. The NMWS] Progect is managed by the Waste Management Project Office of the U5, Department of
Energy, Mevada Crperations Office. BAWSI Project wosk |5 sponsored by ihe Office of Geologic Repasitories of the Department of
Energy Oifice of Civillan Radicactive Waste Management.
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Figure 1. Plan view of Spent Fuel Test—Climax facility showing location of thermal sources and
principal experiments.

(Table 1). Since the rock mass was known to be
moderately to heavily fractured, in situ determina-
tion of the deformation characteristics was neces-
sary on a somewhat larger scale than could be
readily performed in the laboratory.

Before the heated phase of the test began,
Heuze et al, (1981} estimated the iy sty deforma-
tion characteristics using several techniques, in-
cluding the Goodman MY borehole jack (Table 1),
A total of 64 borehole jack measurements was

Table 1. Summary of deformation characteristics of Climax stock quartz monzonite.

Specimen Young's Palsson’s
size Test conditions madialus (Pl ratin Saurce
Te=mm-diam
(MXD core Uniaxial compression f1.4-648.7 0.21-0.22 Maldonada, 1977
Te=mm-diam
(MXD core Uniaxial compression 40+ 5 0.1 £ o2 Pratt et al., 1579
Te=mm=diam
(NX} core Uniaxial compression 5E-+5 b1t + 0 Pratt et al, 1970
Triaxial compresaion,
I143-mm-diam core T3 = 34 MPa 6.7 = 5.9 035 = a2 Pratt et al, 1979
143-mm-diam core oy = 6.9 MPa B4d & 51 02T £ 006 Pratt ot al, 1579
143-mm-diam core a3 = 103 MPa 618 + 7.0 0.31 = 005 Pratt et al, 1979
Hi-mm-diam core 3 = 1.7 MPa 61,7 6 031 = D05 Pratt et al., 1979
143-mm-diam core oy = did MPa bh b £ 1.9 .28 = LO5 Pratt et al,, 197%
143-mme-diam core Hiaxial compression
with EX center hole (USBEM gawogel 8.3 + B2 NN Crowveling et al., 1984
143-mme-diam core Blaxial compression
with EX center hole (CSIRO cell) T3 & 34 0,29 + 0,02 Croveling o al., 1984
M/A" MY jack 20-30 MM Heuze et al., 1951
MiA Modified MNX jack L MM Heuze et al, 1981
N/A Petite slamique 47=51 MM Hewze of al., 1981
M A Tunmel relaxation 20-32 MM Hewze et al., 1981
M/AA R E-rating =31 MM Heuze ot al, 1981
IS A Q=Syetem raking 10-37 MM Heuze ef al,, 1551

YUMo« Mot measured.
M = Mol applicable,



made in alternating vertical and horizontal load-
ing directions. These tests were conducted in four
horizontal borehole segments located in the pil-
lars between the three drifts while the rock mass
was at ambient temperature (~24°C).

While the best estimate for the laboratory
modulus was reported as 70 GPa, the estimate for
the feld deformation modulus was reported as
26 GPa. The modulus reduction factor of 0.37 was
judged to be consistent with those observed by
other researchers, as summarized by Heuze et al.
(1981).

The impetus for the study reported here was
the need to determine what changes had oceurred
in large-scale deformability characteristics as a re-
sult of elevating the temperature of the SFT—C
facility, and to determine the deformability out-

ward from the excavations, Thermally induced
changes in deformability could result in discrep-
ancies between displacements and stress changes
that were calculated to occur and those that were
actually measured during the SFT—C. Therefore,
observed changes would be applied to a series of
revised displacement and stress calculations. As a
result of post-heating geologic sampling activities
at the site, additional NX boreholes were available
for this study. These new boreholes permitted
evaluation of the effects of heating over a broader
temperature range than would have been possible
using only data from the pillar boreholes. In addi-
tion, they provided data for a more thorough
analysis of anisotropy of the i sifu deformation
modulus.

Geological Setting

The SFT—C is located 420 m below ground
surface in the guartz monzonite unit of a two-part
intrusive, The test level is about 150 m above the
regional water table and is unsaturated but not
dry. The Climax stock quartz monzonite is a light-
to-medium-gray porphyritic rock with large pink
alkali feldspar phenocrysts scattered throughout
the groundmass. The phenocrysts are up to 150
mm long and are in a groundmass consisting of
0,25~ to 5-mm quartz grains, 0.25- to 3,5-mm pla-
gioclase grains, and 1.5-mm biotite grains
(Connolly, 1981).

Wilder and Yow ({1984) report four dominant
joint sets and three much less prominent sets in
the best area (Table 2). The rock mass i8 moder-
ately jointed with frequencies ranging from 0.90
joints/m to 2.2 joints/m (Table 3). Of more direct
interest for this study is the frequency of joints
perpendicular {or nearly so) to the test loading di-
rections. Table 3 displays this information. Joints
absarved in a borehole orented at Nal12W, for ex-
ample, would have the most effect on modulus
measurements where the loading direction was
MN61°W, The “open joints” referred to here in-
clude both clean and infilled fractures, as distin-
guished from “healed joints.” As reported by
Wilder and Yow (1984), the latter are in Ee:m:m]
thoroughly healed with quartz and, while some

pyrite and sericite may be present, are thought to
be nearly as strong and stiff as the rock mass.

Since a borehole does not sample the most
significant fractures (those perpendicular to the
loading direction of the modulus tests conducted
in that borehole), individual borehole fracture
logs are not presented here.

In addition to the systematic joint sets, shear
and fault zones also intersect the SFT—C facility.
Figure 2 indicates the location of shears and faults
in plan view, together with the more systematic
joints, Note the proximity of these geological fea-
tures with respect to the boreholes in which
deformability measurements were made.

Table 2. Dominant joint sets in the vicinity of
the SFT—C facility (after Wilder and Yow,
1984),

Fractiomal percentage
of todal mumber of

joints obseryved
Sirlke Dvip n = 1557}
MA4=W I°ME 13
MI4=W Verlical 3
MEGTRY Virtical 35
M48°E BO°SE 1
Three less-dominant s¢ts combined 7




Table 3. Fracture frequencies and spacings associated with borehole orientations.

Mean frequency Mean fracture
of open joints spacing of
Data source Borehole orientation (joints per m) open joints (m)
UGo1 N61°W, horizontal 2.00 0.50
MBI0O?7 and 14 N29°E, horizontal 2.20 0.45
GxE Vertical downward 1.87 0.53
UGo2 N61°W, 60° below horizontal 1.50 0.67
BMTO01 and 02 N29°E, horizontal 0.92 1.08
NHH10A Vertical downward 1.83 0.55
SHHO5A Vertical downward 0.90 1.11
Receiving room
| of NHH10A Legend
65° Strike i
MBI114N BMTO1 \\< Dip
Joint—
/ Dip

- UG02(-60° plunge) .

70°\
\

k N902
/\ #740
Canister drift-

\ MBIO7N Areas of
\ / / \/- seepage
_/ 8 \/- North heater drift
MBI114S 4
o 76
86
N I B
SHHOBA / \J\;& 0 10 20  30m
M
BMT02 MBI07S 3

South heater drift ——

Instrumentation alcove -

Tail drift-

Figure 2. Major geologic features and water seepage locations.



Experimental Setting

Boreholes for deformation modulus measure-
ments were positioned based on two criteria
(Fig. 2). First, several NX boreholes were required
for preheat exploration of the test area (borehole
UG02), for installation of displacement instrumen-
tation (boreholes MBI0O7 and MBI14, referred to as
IMB07 and IMB14 when discussed in conjunction
with preheat modulus data), and for post-heat
geological sampling (boreholes NHH10A and
SHHO05A). The locations and orientations of these
boreholes were determined based on the primary
purpose of the borehole rather than their specific
merits for deformability measurements. Second,
two boreholes (BMTO01 and BMT02) were located
and oriented specifically to obtain deformability
data outward from the SFT—C facility.

Two different bit types were used to core the
test boreholes. The UG- and MBI-series boreholes

were drilled in 1979, during development of the
SFT—C facility, using standard surface-set NX di-
amond bits. Because a reamed hole was not re-
quired by the primary purpose of the borehole, no
reaming shell was used in this drilling activity. As
a result, the boreholes tend to be undersized as
much as 1.52 mm (0.060 in.). The post-heat drill-
ing of BMT01, BMT02, SHHO5A, and NHH10A
used compdsition diamond bits that produced a
somewhat larger diameter borehole. Once again,
no reaming shell was used. These boreholes tend
to be oversized as much as 1.52 mm (0.060 in.).
The frequency histogram of deviations in
borehole diameter shows a distinct bimodal shape
that is a direct result of using the two bit types
(Fig. 3). All boreholes were flushed initially with
water to remove drill cuttings and subsequently
with compressed air to remove excess water.

T T T T T T
60 - Histogram of hole deviations _
g L d
c
<4
g a0l :
o
©
5 = .
2
E
3
Z 20 )
- :
0 uﬂ
-60 -40 -20 0 20 40 60 80

Deviation in hole diameter, in. x 1073

Figure 3. Histogram of deviations in borehole diameters at locations where pre- and post-test mod-

ulus measurements were made.



Measurement Procedure

Using conventional NX borehole jack equip-
ment, jack pressure and displacement data were
obtained at selected borehole depths in two or-
thogonal directions. The equipment consisted of a
Slope Indicator Co. Model 52101 hardrock
borehole jack, a 69-MPa (10,000-psi) hydraulic
pump with pressure gauge, a two-channel linear
variable differential transformer (LVDT) readout
box, and associated hydraulic and electrical cables
and connections. Although measurements in the
MBI-series boreholes used the same serial number
borehole jack as was leased from Slope Indicator
Co., Seattle, Washington, and used by Heuze et al.
(1981), a complete set of equipment was pur-
chased to conduct the rest of the tests for this
study. All equipment was calibrated by the manu-
facturer or LLNL, as appropriate.

Test depths were selected to correspond to
the locations of earlier tests performed by Heuze
in MBIO7 and MBI14, and to provide a sufficiently
dense data set to discern spacial variations in
deformability in BMT01, BMT02, NHHI10A,
SHHO5A, and UG02. Although loading orienta-
tions in horizontal boreholes were vertical and
transversely horizontal (N61°W), loading orienta-
tions in vertical boreholes and in borehole UG02
were parallel (N61°W) and perpendicular (N29°E)
to the drift centerlines.

Test depths and orientations were established
by making scribe marks on the BX drill casing that
was used to insert the jack into the borehole. A
tape measure was used to determine to the
nearest centimeter the depth from the jack center-
line to a reference point on the drift wall or floor.

Table 4. Test procedures used in the current study compared with ASTM suggested method (Heuze,

1984).

Procedure for this study

ASTM suggested method

Comment

1. Prequalify test personnel Same

2. Calibrate equipment Same

3. One rock type tested

Standard QA practice
Standard QA practice

4. Conduct test in different
orientations

5. Sufficient tests for statistical
analysis

6. Holes not reamed, calibrated jack
readings used as caliper

7. Holes cored and logged

8. Systematic but arbitrary spacing
used

9. Standard equipment used

10. Clean boreholes with water

11. Seating pressure of 345 to 790 kPa
used except for MBIO7 and 14

12. Test to maximum jack capacity

13. Alternating tests cycled twice to
100% of jack capacity, 6.9-MPa
increments

14. Tests at two orientations per-
formed at same depth

15. Record data on standard format

Test each rock type at site including
fracture and alteration zones

Same
Same
Ream boreholes to 76.2 mm

Same

Select test locations based on borehole
log; test discontinuities

Standard manufacturer’s equipment plus
casing alignment tool

Same

Seating pressure of 345 kPa

Same, monitor time-dependent deforma-
tion for 15 min

25% of tests to evaluate effects of cycling
to 30, 60, and 100% of maximum in 10
increments

Move jack 30.5 cm between tests of dif-
ferent orientations

Same

Attempted to test fault zone but hole
was too irregular and oversized

Measurements in three orthogonal
directions

212 tests in 9 borehole segments
See “Experimental Setting”

Did not use oriented core

Net effect was the same in this
jointed rock

A different technique was used to
scribe casing (see text above)

Standard practice

Nominally zero seating pressure in
MBI07 and 14 for consistency with
preprevious study

69-MPa line pressure (peak jack pres-
sure) held for minimum of 2 min, some
tests held for over 30 min with no ob-
servable change in displacements

Field evaluations showed no cyclic
behavior in sample tests

Needed a high data density,
macrofracturing of rock unlikely at
these stresses

Standard QA practice




Angular orientations were established by eye, us-
ing scribe marks referenced to vertical, horizontal,
parallel, or perpendicular to the drift, as appropri-
ate. Orientations are correct to within about 5°. In
some cases it was necessary to change the depth
of a test because differences between readings of
the near and far LVDTs exceeded 0.508 mm
(0.020 in.). The manufacturer suggests that differ-
ences much larger than this should be avoided to
prevent possible damage to the jack. This sug-
gested limit was exceeded in only 11 of 212 cases,
and in only 4 cases was the limit exceeded by
more than 0.127 mm (0.005 in.).

Although a recently suggested method for us-
ing the NX borehole jack was not available at the
time these tests were conducted, it is informative
to compare the procedures used in this study with
the suggested method (Heuze, 1984). Table 4 sum-
marizes this comparison. The borehole diameter
was established by the average of the jack LVDT
readings at the nominal 0.3- to 0.8-MPa seating
pressure. The calibrated jack was used in this
manner to caliper the borehole at the location of
each measurement.

Method of Analysis

The fundamental method of analysis was that
suggested by Heuze (1984). The calculated defor-
mation modulus is

AQ,
E.=086-093.D. —.T* |, 1
c AD ()
where
E. s the calculated deformation modulus

in psi,
0.86 is a calculated factor accounting for
three-dimensional effects,
093 is the efficiency of the hydraulic
system,
D is the initial borehole diameter, taken
as 3.00 in. (76.2 mm),
AD is the change in borehole diameter in
inches,
AQ,, is the change in hydraulic line pressure
in psi, and
T* is a function of Poisson’s ratio and the
half contact angle between the jack
platen and the rock. [Based on previous
studies, we determined Poisson’s ratio
to be 0.246 and used a T* value of 1.438
from Heuze and Amadei (1985)]
Values of AQ,/AD were obtained graphically
as the slopes of the linear portion of plots of jack
gauge pressure vs the average of the near and far
LVDT readings. Figure 4 provides two typical ex-
amples of these curves. The linear portion of the
loading curve was used in all cases. The low-
pressure end of each curve was nonlinear but for
most tests the curve became linear at a gauge
pressure of 6000 psi (20.7 MPa) or less. As a result,
a minimum of three pressure readings was used to
establish the linear portion of the curve in all but
1 of 212 post-heat measurements and all but 4 of

64 preheat measurements. Even where boreholes
deviated substantially from the ideal diameter D,
the curves exhibited linear portions. Half of the
tests consisted of two loading and unloading cy-
cles at the same location. These loading cycles
commonly showed hysteresis. However, even
where hysteresis was quite large, the slopes of the
linear portions of the two loading curves were
nearly identical.

To correct for longitudinal bending of the jack
and thus determine the “true”” deformation modu-
lus E,, one may interpolate in graphs presented by
Heuze (1984). These graphical relationships are
based on finite element analyses of Heuze and
Salem (1976) and experimental results of Meyer
and McVey (1974). To expedite calculation of the
64 preheat and 212 post-heat measurements ana-
lyzed in this study, we fit an equation to the curve
for a rock-mass Poisson’s ratio of 0.25, such that

E, = 0.030320 + 0.979484 E_ — 2.042103
x 10 *E~ + 1.792758 x 10" P E2 ,  (2)

where E_and E, are both given in psi.

We considered screening the data according
to the full platen seating criterion proposed by
Heuze (1984). However, a statistical model of the
Heuze screen shows that with high probability,
measurements with full platen seating will be re-
jected and measurements with partial seating will
be accepted under conditions that prevail at the
SFT—C facility (Axelrod, Patrick, and Yow, 1986).
Instead, we have elected to base modulus calcula-
tions on the linear portion of the pressure vs dis-
placement curves and to delete modulus values
calculated to be greater than 85 GPa. The 85-GPa



14 T B I E— T S T T 7 T T T
12 + .

10 | MB107N—01V i

Gage pressure, PSI

0 1 1 1 I L 4 1 L i | | J -

-40 -20 0 20 40 60 80 100

Deflection, thousandths of an inch

14 7 T — T T 7 T

12

BMT-1-1V

Gage pressure, PSI
o

2 -

OL_L_L___4__|_ [ S N | 1 1 0

-40 -20 0 20 40 60 80 100

Deflection, thousandths of an inch

Figure 4. Typical examples of AQ, /AD plots obtained from undersized (top) and oversized (bottom)
boreholes.

cut-off corresponds to the maximum modulus Quantile-quantile plots of the data with the
value obtained in biaxial testing of 143-mm- standard normal distribution as a reference (with
diameter cores. Since the core samples possessed and without the 85-GPa screening criterion) are
no open fractures, which would reduce the defor- shown in Figs. 5a and 5b, respectively. The break
mation modulus, the laboratory modulus repre- in trend of the upper plot lends statistical support
sents an upper bound. to the 85-GPa criterion. The plot in Fig. 5b is linear
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for modulus values less than 85 GPa except for
data below 10 GPa. The trend breaks here because
a linear extrapolation of the plot would predict
negative modulus values, which are physically
impossible.

Only 12 of the 64 preheat data and 17 of the
212 post-heat data are eliminated by this screen,
leaving 52 preheat and 195 post-heat data for fur-
ther analysis. By construction, the screen yields a
retention group and a rejection group with differ:
ent means. Furthermore, even the shapes of the
distributions must differ because the screen trun-
cates the upper “tail” of the distribution of modu-
lus values. As noted above, Fig. 5a indicates that
85 GPa is a reasonable value at which to truncate;
the higher values seem to come from a different
population of measurements. Figure 6 is a rough
estimate of the probability density distribution of
the complete modulus data set. We see that values
greater than 100 GPa are clearly part of a long tail

0.020 - .

of outliers. Although this plot should only be used
for qualitative judgments, it supports the decision
to truncate at 85 GPa.

All but three of the 17 measurements deleted
by the cut-off screen are from the MBI-series
boreholes. The LVDT readings indicate that the
boreholes were about 0.468 mm (0.018 in.) under-
sized at the test locations, about average for this
borehole series (Fig. 3). Although some of the
pressure vs displacement plots are nonlinear at
low pressures, the effect did not appear to be
more severe than for measurements that were not
deleted. Furthermore, the raw data records show
that differences between LVDT readings were
generally within 0.100 mm (0.004 in.). Based on
these examinations, there is no obvious problem
in testing that could explain the anomalously high
AQ,/AD slopes that produced the high modulus
values.
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Probability density for complete data set
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200 300 400 500

Deformation modulus, GPa

Figure 6. Estimated probability density function of complete deformation modulus data set. The
small negative point is an artifact of the calculation. The screen truncates the “tail,” i.e., values above

85 GPa.
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Results and Discussion

We analyzed the data initially to provide
moduli estimates for use in numerical models of
rock-mass behavior. The data were then examined
to obtain the best possible understanding. First,
we simply summarized the data, ignoring spacial
dependence and complex interactions among the
many variables that may influence modulus val-
ues. These summary statistics may be readily used
in structural analyses. Second, we thoroughly an-
alyzed aspects of variability in the data set in an
effort to better understand how various factors af-
fect rock-mass modulus.

The statistical and graphical techniques ap-
plied to the data throughout this report are de-
scribed in Chambers et al. (1983), Conover (1980),
McGill et al. (1978), Searle (1971), and Bradley
(1968). The statistical software package “S,” de-
veloped by Bell Laboratories, was used for many
of the analyses [Becker and Chambers (1984)].

Data Summary

The mean modulus before the heating phase
of the SFT—C is 30.3 GPa and increases to 39.9
GPa after heating. A rough measure of the accu-
racy of a mean is the “standard error of the mean”
(0) obtained by dividing the standard deviation of
the data by the square root of the number of
points used to calculate the mean. There are 52
preheat and 195 post-heat measurements, giving
standard errors of 2.41 and 1.27 GPa, respectively.
We do not assign any probability interpretations
(such as confidence intervals) to these standard
errors since a more detailed and accurate analysis

will be done later. Table 5 summarizes pertinent
statistics for each loading direction and level of
heating. The “no heat” data were obtained from
the four pillar boreholes before heating, and the
“moderate heat” data were obtained from the
same four boreholes plus UG02 following the 3-
year heated phase of the SFT—C. Throughout this
report, data from these two time periods are re-
ferred to as preheat and post-heat, respectively.
The data receiving the “high heat” treatment
came from boreholes NHH10A and SHHO5A,
which are located near electrical heaters.

The highly variable nature of the modulus
data is clearly evident in the “box plot” for each
borehole shown in Fig. 7. This presentation con-
veys several important items of information. For
each box, a measure of the range of the data is
displayed by the vertical line segment that ex-
tends to 1.5 times the inner quartile value. When
extreme data values occur, they are plotted as in-
dividual points above or below this vertical seg-
ment. The median is indicated by a horizontal line
segment in the middle of a tapered notch, which
can provide a rough measure of the statistical sig-
nificance of the difference between two medians.
If the notch of one box falls outside the notch of
another box, the medians of the two data sets are
different at approximately the 5% level (McGill
et al.. 1978). Since the height of the box is estab-
lished by the interquartile range* of the data, it is
a measure of the variability of the data. The box

*lor aussian data, the interquartile range = 1.349 o,
where 7 is the theoretical standard deviation of the data.

Table 5. Comparison of effects of heating and loading direction on deformation modulus.

Treatment

No heat Moderate heat High heat
Direction (18-24°C)* (30~40°C)* (55-65°C)

Vertical loading E = 31.2° 42.2 —

n = 26 o = 3.47 42 276

N61°W loading 29.5 35.8 24.7
26 34 43 2.61 17 3.81

N29°E loading — 51.6 226
11 4.55 17 2.84

? Data from pillars only.

b E = mean deformation modulus, GPa, n = number of data.

S/Jn = standard error of the mean, GPa, where
sample standard deviation, GPa.

g =
S =
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Figure 7. Box plots of pre- and post-test deformation modulus data grouped by borehole. Modulus
values greater than 85 GPa have been screened from the data set. Note: The median value occurs at
the notch, the box height is the interquartile range, the vertical line segment spans 1.5 times the
interquartile range, and the box width is in proportion to the yn.

width is in proportion to the square root of the
number of data in the group represented by the
box. This is a natural scaling because the accuracy
of the mean scales by 1/4n.

The data as summarized in Table 5 and Fig. 7
are spacially variable on at least an inter-borehole
scale. Moreover, the modulus is anisotropic and
heat-sensitive. This suggests a need for further
analysis of the magnitude and statistical signifi-
cance of these factors.

Statistical Analysis of Data

Our basic approach in analyzing the 247 val-
ues obtained from pre- and post-heat measure-
ments is to develop linear models composed of
individual factors and interactions among these
factors. By its very nature, model building is usu-
ally a trial-and-error endeavor and our case is no
exception. Based on physical principles and em-
pirical knowledge, an initial model is developed
that incorporates the factors that are thought to be
significant. These factors are then tested for sig-
nificance and deleted if appropriate. Until a sat-
isfactory model is obtained, new factors are added
and tested sequentially. In examining the quality
of the models developed here, it is important to
realize the magnitude of the error contributed by

12

the measurement technique. An analysis of mea-
surement errors (presented in Appendix C) shows
that we can expect a variability (16) of about
+6 GPa from the measuring system alone. This
error should be compared with the residual stan-
dard errors, which range from 9.5 to 13.5 GPa for
the models used in this study. Models for single
boreholes and groups of similar boreholes are dis-
cussed in turn below.

Pillar Boreholes

As shown in Fig. 2, four boreholes are located
in the two pillars that were created as a result of
constructing the SFT—C. These boreholes, which
are designated MBIO7N, MBIO7S, MBI14N, and
MBI14S, were drilled during construction of the
facility so both pre- and post-heat deformation
modulus measurements were obtained in them.
Because of the close proximity of the boreholes
and the similarity of excavation techniques used
in the drifts, we chose to evaluate the data from
these four boreholes using as few models as possi-
ble. This approach allowed us to make rather
straightforward assessments of the effects of vari-
ous factors on the deformability.

Our preliminary examinations of the data re-
vealed that the within-hole spacial variability of
the post-heat data from MBI14N was funda-
mentally different from that of the other pillar



boreholes. Whereas the data from the latter three
borehole segments indicated that modulus values
were greatest near the pillar center and decreased
toward the drifts, the opposite occurred in
MBI14N. As a result, it was necessary to develop a
separate model for MBI14N. We elected to include
both pre- and post-heat data in this model so that
the effects of heating could be evaluated.

In examining the data from boreholes
MBIO7N, MBIQ7S, and MBI14S, we found the fol-
lowing four factors to be influential: position
within the borehole, location within the facility,
loading direction, and heat. The appropriate vari-
able to describe the position within the borehole
is the distance of the measurement from the cen-
ter of the borehole, a quantitative variable. Dis-
tance from borehole center was selected as the
variable because rock damage caused by blasting
and by stress changes should be present at each
outer surface of the pillars, lending symmetry to
the effect. The other factors are all qualitative, so
an analysis-of-covariance model is convenient
(Searle, 1971).* Each of the qualitative factors has
only two levels: north or south pillar, vertical or
horizontal loading, and pre- or post-heat, respec-
tively. In addition to the influence of individual
factors, significant interactions between heat and
loading direction and between heat and pillar lo-
cation were detected.

The three factors at two levels require six
terms, the two sets of interactions require four ad-
ditional terms, and the constant and slope coef-
ficient add two more, for a total of 12 terms. Since
no “station” effect (that is, 07 vs 14) was detected
and a common slope applies, one model was de-
veloped for all three boreholes. The resulting lin-
ear statistical model applies to the data from
MBIO7N, MBIO7S, and MBI14S. Expressed for the
ith data value, where i = 1 to 104,

*1f all the variables were quantitative, we would use regres-
Sion analvsis,

10
l;:u+ﬁd!+ZXiiyi+ei , 3)

j=1

where E; = detormation modulus (GPa), d, = dis-
tance of the measurement from the borehole cen-
ter, and the X;; are factor variables. When the jth
factor is present, X;; = 1; when absent, X;; = 0. The
model parameters are y, 8, and ¥;, and the ¢; repre-
sent residual errors, It is important to note that the
¢, contain all known and unknown sources of error.
If the model explained all sources of variation, the
¢, would represent only random measurement er-
ror. As noted previously, an error of about +6 GPa
(at 1) would remain because of inaccuracies in the
measuring system (Appendix C).

Although the parameterization of the model
is not unique, all parameterizations will give the
same results. The model parameters cannot be es-
timated separately, as is the case for regression.
Instead, only certain meaningful linear combina-
tions are estimated using the singular-value de-
composition technique. Of a total of 123 measure-
ments, 19 were discarded because they exceeded
the 85-GPa limit of the data screen. Using the
maodel given by Eq. (3), we analyzed the remain-
ing 41 preheat and 63 post-heat modulus values
trom the three borehole segments.

Table 6 lists the “intercept” terms for the vari-
ous data subsets that were analyzed. These inter-
cepts represent the mean modulus values at the
pillar center. The overall slope of the 104 data is
~7.0 GPa/m. This global model explains about
44% of the variability in the data, and the residual
error for the data using this model is about 13.5
GPa (Table 7). There is a price associated with us-
ing a model such as this. Because the fit applies to
three boreholes under all conditions, it does not fit
some individual cases as well as a model restricted
to apply only to that case; for an example, see
Fig. 8.

The physical interpretation of these coef-
ficients is straightforward. For example, the pre-
dicted value of the post-heating modulus under

Table 6. Intercept coefficients calculated using a 12-term linear model for deformation modulus
(GPa). Data from boreholes MBIOZN, MBIO7S, and MBI14S.

North pillar (GPa)

South pillar (GPa)

Time of Vertical Horizontal Vertical Horizontal
measurement loading loading loading loading
Preheating 46.5 26.3 37.0

Post-heating 62.7

54.6 44.8




Table 7. Summary statistics for the covariance model of deformability (boreholes MBIO7N, MBI07S,

MBI14S).

Residual

standard North pillar (GPa) South pillar (GPa)
error Preheat Post-heat Preheat Post-heat Slope t value
(GPa) R? Vert. Horiz. Vert. Horiz. Vert. Horiz. Vert. Horiz. (GPa/m) slope n
13.53 0.44 46.54 57.23 62.71 52.87 26.26 36.96 54.63 44.80 -6.96 4.26 104

horizontal loading in the north pillar is 52.9 GPa
at the pillar center, and it decreases 7.0 GPa/m
from the center in either direction. The data from
each borehole and associated regression lines from
the covariance model are shown in Figs. 8-13.
Since this model uses a common slope, it is
relatively easy to interpret the effect of the various
factors. First, there is a strong anisotropy in the
modulus. Before heating, the rock mass modulus
is about 10.7 GPa less in the vertical loading direc-
tion in both the north and south pillars, indicating
that the more frequent low-angle joints (which are
infilled with pyrite, sericite, and quartz) tend to
affect the modulus more than the high-angle

joints (which appear “open” at free surfaces but
are typically clean or infilled with calcite). Second,
while the anisotropy remains after the episode of
heating, the modulus is now about 9.8 GPa
greater in the vertical loading direction. This is
consistent with a hypothesis that the stresses in-
crease as a result of thermal expansion of the rock,
thereby increasing joint stiffness. Thermomechan-
ical calculations indicate that the vertical stresses
at the time of the post-heat measurements were
about 5 MPa (40%) greater and horizontal stresses
were as much as 2 MPa (20%) less in the pillar
center than they were before the episode of heat-
ing (Butkovich, 1981). Third, note in this context
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Figure 8. Relationship between borehole modulus value and distance from pillar center for pretest
data from MBIO7N. The slope and intercepts of the lines were developed from a 12-term linear
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test data from MBIO7N. The slope and intercepts of the lines were developed from a 12-term linear
model.
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Figure 10. Relationship between borehole modulus value and distance from pillar center for pretest
data from MBIO07S. The slope and intercepts of the lines were developed from a 12-term linear model.
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Figure 11. Relationship between borehole modulus value and distance from pillar center for post-

test data from MBIO7S. The slope and intercepts of the lines were developed from a 12-term linear
model.
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Figure 12. Relationship between borehole modulus value and distance from pillar center for post-

test data from MBI14S. The slope and intercepts of the lines were developed from a 12-term linear
model.
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model.

that the modulus for vertical loading increased by
16.2 to 28.3 GPa, whereas the modulus for hori-
zontal loading in one case decreased by 4.3 GPa
and in the other increased by only 7.8 GPa. This is
compatible, in concept, with our understanding of
the influence of stress changes on individual
joints (Goodman, 1980, and Yow, 1985). Nearly all
test pressure-vs-deformation curves exhibited lin-
ear behavior above a given level of loading. With
a maximum load applied to the rock of about
0.703 MN (158,000 1b) on opposing 0.2-m-long
(8-in.) platens, this linearity appears to be in
agreement with the linearity obtained in normal
loading of individual joints by Bandis et al. (1983).

Data from the fourth pillar borehole were an-
alyzed separately because of obvious differences
in the spacial character of the data. Seven of the
40 measurements were discarded by the 85-GPa
cut-off screen. In addition, an eighth measure-
ment (72 GPa) was discarded when it was judged
to be a statistical outlier.

Examination of the preheat modulus values
from MBI14N indicates strong anisotropy (Fig. 14).
However, a statistical test for zero slope confirms

that there is no depth effect for either loading di-
rection. Using a very simple model consisting of a
loading direction effect and an intercept, we find
that the mean modulus value for vertical loading
is about 45 GPa greater than for horizontal
(N61°W) loading. As discussed below, this is con-
sistent with the high intensity of vertical fractur-
ing observed in this pillar. In light of a residual
standard error of 6.6 GPa, this is highly significant.
Turning to the post-heat modulus values from
MBI14N, we see a strong depth effect (Fig. 15). For
this analysis, the data were pooled because we
could not detect a significant difference between
the two loading directions. With the exception of
the last four points, matched pairs from the two
loading directions differ by less than 5 GPa. (The
matched pair analysis is elaborated on in the fol-
lowing discussion of data from the heater drift
boreholes.) We found that introducing a second-
order depth term improved the fit compared with a
single-term model. About 50% of the variation in
modulus is explained by a model of the form

E = u+ Bd + Bd? + 6, 4)
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where d; is distance from borehole collar and the
remaining terms are as previously defined. A
least-square fit of Eq. (4) to the data gives param-
eter values of [ 449, Bl -23.2, and
Bz = 4.41 (Table 9). Using these values, we calcu-
late a modulus value at pillar center of 14.4 +
4.4 GPa. The residual standard error of 11.2 GPa is
consistent with that of the other data sets (Tables
7,8, and 9).

Because the models for preheat and post-heat
modulus values are so fundamentally different,
determination of the effects of heating is not as
simple as it was for the data from the other three
pillar boreholes. Table 10 would seem to indicate
simply that heating dramatically decreased the
modulus for vertical loading and slightly de-
creased it for horizontal loading. While this is true
at the pillar center, Figs. 14 and 15 indicate that
near the outer surfaces (ribs) of the pillar the mod-
ulus for vertical loading decreased very little and
the modulus for horizontal loading increased
significantly.

A possible explanation for these unusual
depth and heating effects on modulus is found in
the character of the geologic fracturing observed
in the vicinity of borehole MBI14N. The degree of
fracturing near the pillar center (as observed in

the borehole and projected from tunnel mapping)
is much more intense than for other boreholes
(Wilder and Yow, 1981 and 1984). Since these frac-
tures are near vertical and are oblique to the
borehole axis, they would tend to decrease the
modulus under horizontal loading. As noted ear-
lier, modulus values are expected to increase with
increasing stress. Our observation that modulus
values increased near the ribs and remained un-
changed or decreased near the pillar center could
suggest that similar changes occurred in the pillar
stresses. We did not acquire enough stress data to
directly address this possibility, but the continuum
calculations (which ignore the presence of frac-
tures) suggest that the opposite occurred.

Heater Drift Boreholes

At the completion of the SFT—C, an opportu-
nity was available to obtain deformability mea-
surements in two boreholes located near electrical
heaters. Boreholes NHH10A and SHHO5A were
drilled where rock temperatures were about 60°C
for a 3-year period. Because these boreholes were
unavailable for testing at ambient temperature,
only post-heating data can be analyzed.

Plots of deformation modulus vs depth from
hole collar are shown for NHH10A in Fig. 16 and

Table 8. Regression summary for straight line models of deformability.

Residual
standard
error Intercept Slope ___glalue o
Borehole (GPa) R? F (GPa) (GPa/m) Intercep Slope n Comment
NHH10A 9.59 0.18 2.99 11.68 6.91 245 1.73 16 Pooled loading, distance from
center
SHHO5A 9.53 0.62  26.61 49.98 - 8.30 10.36 516 18 Pooled loading, depth from hole
collar
UGo2 10.01 0.71 4348 76.26 7.83 16.00 6.59 20 3 end points deleted, pooled,
distance from center
BMTO2 10.02 0.05 0.71 46.68 - 0.45° 11.20 084 14 Pooled loading, depth from hole

collar, no spacial effect

2 Not significant, true slope may be zero.

Table 9. Regression summary for the square law models of deformability.

Residual
standard
error Intercept 'R B, t value
Borehole (GPa) R? F (GPa) (GPa/m) (GPa/m? Intercept f; B, n Comment
BMTO1 11.05 0.19 2.68 40.92 3.79 -0.27 7.36 1.98 - 2.21 26 Pooled, distance from hole
collar
MBI14N 11.18 0.48 8.34 44.91 -23.23 4.41 7.65 3.85 4.06 21 Pooled, post-heat, distance

from hole collar




Table 10. Comparison of deformation modu-
lus values (GPa) at the center of the pillar. Data
from MBI14N.

Time of Vertical Horizontal
measurement loading loading
Preheat 64.3 19.2
Post-heat 14.4 144

SHHO5A in Fig. 17; the loading directions have
been coded by the indicated symbol. A systematic
variation of modulus with depth is evident in both
holes and for both loading directions. The very
low values of modulus in borehole NHH10A are
closely associated with a highly fractured zone
where the Receiving Room fault intersects the
borehole at a depth of about 2 m (Wilder et al,,
1982). Likewise, the observed trend in SHHO5A
coincides with the profile of increasing tempera-
ture (Fig. 18).

The presence of spacial correlation in the
measurements complicates the analysis, as it did
in the MBI boreholes. However, the plots suggest
that the depth effect is the same for both loading
directions, so a model may be developed of the
form

E(,k) = f[d@d)] + eik) ;i=123...n , (5)

where
E(i k)

deformation modulus in the bore-
hole in loading direction k,
d(i) = depth from hole collar,

€(i,k) = random disturbance term,

k = 1 for N29°E loading direction,

k = 2 for N61°W loading direction,

n = number of measurements in bore-

hole under consideration.
To examine the loading direction effect, we form
the quantity &(i) given by

o) = E(,1) - E(1,2) = €(i,1) — €(i,2) . (6)
If €(i,1) = €(i,2), there is no loading direction
etfect.

For the analysis based on Eq. (6) to be valid,
the &(i) must be independent of depth. Note that
we are testing whether the differences in modulus
values are correlated with depth, not whether the
values are correlated with depth. For boreholes
NHHI10A and SHHO5A, the values of Kendall’s
test statistic S are 4 and -2, which are not signifi-
cant (Bradley, 1968). Thus, we have shown that
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Figure 16. Relationship between borehole modulus value and distance from borehole collar for
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the depth effect is the same for both loading direc-
tions in the heater holes {or is too small to be
detected with this sample size). The same (i) can
be used to determine if a loading direction effect is
present. Since we have so few data (only eight
paired measurements in the north heater hole and
nine in the south), the nonparametric sign test can
be used to test the hypothesis that the median
values for the two loading directions are equal.

For NHH10A, seven of the eight deltas are
positive, giving a two-sided significance level of
p = 0.07.* Although we consider this to be mar-
ginal evidence for anisotropy. the indication is
that modulus values obtained under N297E load-
ing are slightly greater than those obtained under
MNa1°W loading.

Conversely, the SHHO5A hole has six nega-
tive, two positive, and one zero delta. The pres-
ence of the zero value complicates the application
of the sign test. However, whether we ignore the
point or count it as positive or negative, we fail to
detect a statistically significant difference with the
gign test. Moreover, the Na1°W loading modulus
tends to be greater than the N29°E modulus, the
reverse of the north heater hole. [f we regard the
two heater holes to be similar, then the marginal
p = 0.07 for NHH10A appears even weaker: the
two data sets taken together would suggest no de-
tectable loading direction effect. However, if we
regard the two heater holes as different experi-
ments, then the sign test yields opposite inferences:
marginal significance {p = 0.07) for MHHI10A and
na significance for SHHOGA. Since there ane so few
measurements, our concluslons concerning anisot-
ropy in these boreholes remain equivocal.

If we proceed to pool the data from the two
loading directions, we can fit linear models of
modulus as a function of depth for each borehole.
Higher order functions did not produce com-
mensurate improvements in the fit, For NHHI0A,
we take advantage of symmetry about the rubble
zone at 2 to 2.4 m depth and index the depth from
borehole center. The resulting regression is guite
poor by some standards: it explains less than 20%
of the variability in the data, However, the resid-
ual error of 9.6 GPa is consistent with that of the
other models {Tables 7, B, and 9. Coefficients of
4 = 11.7 GPa and f#, = 6.9 GPa/m are deter-
mined by the linear model (Table 8 and Fig. 19).

This slope term provides a measure of the com-

" Which walue of p s "-:Ig;n.lfi;.':nl" & an .1:"I'lea.rg.l |l.|n.'|g-
ment—p = 0035 iz widely used, but the selection of a p value
should be based on the “cos” of making a wrong conclusion,
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bined effects of the nearby fault and long-term
heating of the rock. It is similar in magnitude but
opposite in sign from the slope term for the MBI-
series boreholes. The relatively poor fit to the data
is the result of fracture-related vaclability in the
data, Presumably, if we knew the relationship be-
tween fracture characteristics (both the properties
and orlentations) and measurement of the modu-
lus, we could explain much more of this variabil-
ity with a model.

A regression of modulus on depth from
borehole collar for SHHO5A explains about 62%
of the variability in the data and provides coef-
ficients of g = 50.0 GPa and f, = - 8.3 GPa/m
(Fig. 20. The residual error of 9.5 GPa is consis-
tent with that of other models (Tables 7, 8, and 9,

The observed decrease in modulus with
depth mirrors the Increase In temperature with
depth that was caused by the nearby heaters
(Fig. 18), suggesting a heating effect on modulus,
In the absence of preheating data from this
borehole, it is not possible to conclusively estab-
lish that a heating effect is present, However, such
an effect is plausible. Thermomechanical calcula-
tions suggest that the rock stresses increased by
about 5 MPa from initial values of 5.5 to 12.5 MPa
as a result of heating and associated thermal ex-
pansion (Butkovich, 1981). Conceptually, the clays
that are commonly present as joint infillings could
have been “overconsolidated,” and calcite asper-
ities could have been crushed by the thermal
streases, After the rock mass cooled, the joint
infillings would not completely recover their ini-
tial volume so that at stresses below the overcon-
solidation stress, the walls of the joints and the
clay would form a more compliant system than
existed before the heating cycle, Although more
proncunced in these boreholes, this effect is con-
sistent with the observation in the MBI boreholes
of slight increases or decreases in modulus under
horizontal loading (rather than the pronounced
increases observed in most cases for wvertical
loading).

An effect of this type has been observed in
tests by Bandis et al. (1983) where normal stresses
were cycled from zero to 30-50 MPa. However,
this comparison can be made in only a qualitative
way at this time since Bandis et al. did not publish
results from cycles of loading that were lower in
magnitude. The threshold loading above which
damage to discontinuity asperities occurs is thus
undefined,

Cither explanations of the observed decreases
in modulus have also been considered but re-
jected. Laboratory studies of microfracture density
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in stressed and irradiated Climax quartz monzo-
nite show very little additional microfracture
development, even at stresses close to failure
(Beiriger and Durham, 1984). Likewise, work by
Ryerson and Qualheim (1983) suggests little likeli-
hood of mineral dissolution at the temperature
and moisture conditions present near the heater
boreholes.

Abutment Boreholes

The two boreholes designated BMTO1 and
BMTO02 were drilled outward from the SFT—C to
examine the distribution of deformation modulus
values in the abutments of the facility (Fig. 2).

Since there is a pair of orthogonal measure-
ments at each depth for BMT01, we apply a
“matched pair’ technique. Because spacial cor-
relations are so prevalent in data of this type, Ken-
dall’s test (Bradley, 1968) is used to evaluate the
possibility that the loading-direction effect is, it-
self, a function of depth. Kendall’s test failed to
detect any correlation between loading direction
and depth, when depth was measured from
borehole collar or from borehole center. Having
established that there is no spacial effect on load-
ing direction, the sign test was applied to test the
hypothesis that the median difference in modulus
values for the two loading directions was zero.

Seven of the differences are positive, three are
negative, and three are zero. If we assume that the
zero values are solely the result of lack of resolu-
tion in the measurements, the true signs are un-
known. Assigning a positive sign to the zeros
would favor rejection of the hypothesis. In this
case, there are 10 positive signs and 3 negative
signs, giving a significance level of p = 0.10.
However, if only one of the zeros is really nega-
tive, then p = 0.5. The sign test thus fails to detect
any difference in the medians. If we believe the
modulus measurements are normally distributed,
then the more sensitive t-test may be used. How-
ever, the associated t-value of 1.29 is also not sig-
nificant. Thus, the parametric and nonparametric
analyses are consistent in their conclusions.

Based on the results of these tests, the data
from BMTO01 for both loading directions may be
pooled. By applying a regression model of the
form of Eq. (4), we obtain parameter estimates 1 =
409, B, = 379, and B, = ~0.274 (Table 9). The
data from BMTO1 and the associated curve are
shown in Fig. 21. The model explains only about
20% of the variability in this data set, and the re-
sidual error of 11.0 GPa is consistent with that of
the other models (Tables 7, 8, and 9).

Turning to borehole BMT02, we see no obvi-
ous depth or loading direction effects in a plot of
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Figure 21. Polynomial regression of modulus on depth from borehole collar. Data are from both

loading directions in BMTO01.
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modulus value vs depth from borehole collar
(Fig. 22). Whereas the modulus values for vertical
loading tend to cluster near 500 GPa, those associ-
ated with horizontal loading are scattered above
and below this value, Mo root cause has been
found for the roughly sinuscidal pattern that is
traced out by the values associated with horizon-
tal loading,

A peneral linear model using distance from
center as a guantitative variable and the loading
directions as two gqualitative variables failed to de-
tect a distance effect or a difference in mean mod-
ulus between the two loading directions. A
matched paired analysis (dropping several points
with no twin) produced results consistent with the
general linear model. These results indicate that
the 27 data from BMTOZ are best summarized by
the sample mean and its standard error, which are

474 and 2.4 G, respechively,

Exploratory Borehole UGD2

Exploratory borehole UGO2Z presented the
only opportunity to measure deformability of the

rock located beneath the SFT=—C, This borehole
was drilled parallel to the canister drift at an angle
60% below horizontal. Measurements were made
in the upper 15 m of UG02 following the 3-year
episode of heating.

The presence of zones of intense fracturing
near the borehole collar and at depths of 12.3 to
15 m (Wilder et al., 19682} produced a distibution
of modulus with depth that s fairly symmetric
about the borehole “center,” where jointing was
sparse. Given this symmetry, we developed a gen-
eral linear model for modulus as a funciion of dis-
tance from borehole center and loading direction.
When no loading direction effect was detected,
the data were pooled, giving a slope of
-~ 7.8 GPa/m with an intercept (at borehole cen-
ter) of 76 Gla (Fig, 23). While the intercept term is
large in comparison with the other data sets and is
near the cut-off of 85 GFa, it appears to be consis-
tent with the general trend of the data from this
borehole, The residwal standard error for the
LIGO2 data is about 10 GPa, which is similar to the
other boreholes,
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Figure 22. Relationship between borehole modulus value and distance from borehole collar for

borehole BMTO2,
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Figure 23. Relationship between borehole modulus value and distance from borehole center for

exploratory borehole UGO02.

Conclusions

A total of 212 deformation modulus measure-
ments were made in nine borehole segments us-
ing a commercially available Goodman NX bore-
hole jack. These were analyzed together with the
results of 64 measurements obtained by Heuze
etal. (1981) before heating began at the SFT—C.
Although the study was completed before a sug-
gested method (Heuze, 1984) for such testing was
proposed, the study was in accord with the subse-
quent guidelines of the suggested method. The
method of screening the data for full platen seat-
ing, which is proposed in the guideline, was not
applied. Our observations include:

1. A simple screening technique based on
the maximum of the observed laboratory modulus
values eliminates measurements that are outliers
in both an engineering and statistical sense. A
proposed screen based on full platen seating fails
to eliminate physically implausible values. The
cause of these extreme values is presently
unknown.

2. A statistically significant anisotropy in
the deformation modulus was observed in three
of four pre- and post-heating data sets. The effect
was for the modulus to be about 10 GPa less un-
der vertical loading than under horizontal loading
in the preheating data set and about 10 GPa

26

greater in the post-heating data set. Anisotropy
was not found to be significant in the rock outside
the SFT—C excavations, suggesting that stress
changes and excavation-induced damage may be
responsible for the anisotropy.

3. Currently available data indicate that
moderate heating (~10°C above ambient, or 30 to
35°C) for a 3-year period resulted in a statistically
significant increase in the deformation modulus
meastred under vertical loading. The deformation
modulus under horizontal loading showed only
marginal changes following heating. These
changes in modulus are believed to result from
changes in the stress regime that were produced
bv the heating.

4 An apparent reduction in deformation
modulus was evident in data obtained in two
boreholes (NHH10A and SHHO5A) located 0.76 m
radially outward from electrical heat sources.
Rock temperatures in this region were near 60°C
for about 3 years before modulus testing. The
proximity of borehole NHH10A to a fault zone
may be an additional cause of the lower modulus
values.

5. We believe that the drill-and-blast tech-
nique used to excavate the underground openings
and the commensurate changes in stress field



tended to decrease the deformation modulus near
the surfaces of the excavations, This trend was not
distinguishable in all borehole segments but was
found to be statistically significant.

6. The effect in item 5 is sometimes masked
by decreases in modulus near geologic features
such as faults, shears, and zones of intense joint-
ing. This effect was most pronounced in borehole
MEBI14N where the effect noted in item 5 is
reversed,

Since the data set is highly variable, a reason-
able approach may be to ignore the observed spa-
cial variations and to use a range of deformation
modulus values in calculations of the mechanical
and thermomechanical response of the SFT—C.
Where one is constrained to a very simple treat-
ment of deformability, we suggest using a 10%
“irimmed” mean for the entire data sel (Becker
and Chamber, 1984). Using this approach, a mean
modulus of 37.7 GFPa is calculated with B0% of the
data values falling in the interval bebween 12 o
83 GFa.

As shown in this report, a thorough analysis
of the data by orientation, region, and thermal
treatment may support development of a better
model of the deformation modulus. Although not
all of them are shatisbically significant, the follow-
ing trends are observed in the data (Appendices A
and B) and may be appropriate to include in nu-
metical models of the SFT—C based on a deter-
mination of engineering significance;

1. Moderately fractured rock 2 m or more
from excavated surface: 40 o 55 GGMPa, based on
post-heating measurements, This is as much as
10 GMa higher than preheating modulus values.

2. Rock within 2 m of excavated surfaces: 10
to 45 GPa,

3. Faulted, sheared, or intensely jointed rock:
5 to 20 GPa (depending on fracture intensity).

4. Rock heated to about 60°C for an ex-
tended period (about 3 years in this case): 3 to
25 GPa.
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Appendix A
Rock Deformation Modulus vs Borehole Depth
(Post-Heating Measurements)
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Figure A-1. Deformation modulus as a function of test depth in the north segment of borehole
MBI07. Loading directions are (a) N61°W and (b) vertical.
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Figure A-2. Deformation modulus as a function of test depth in the south segment of borehole
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Figure A-3. Deformation modulus as a function of test depth in the north segment of borehole
MBI14. Loading directions are (a) N61°W and (b) vertical.
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Figure A-4. Deformation modulus as a function of test depth in the south segment of borehole
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Figure A-5. Deformation modulus as a function of test depth in borehole BMTO01. Loading direc-
tions are (a) N61°W and (b) vertical.
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Figure A-6. Deformation modulus as a function of test depth in borehole BMTO02. Loading direc-
tions are (a) N61°W and (b) vertical.
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Figure A-7. Deformation modulus as a function of test depth in borehole UG02. Loading directions
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Figure A-8. Deformation modulus as a function of test depth in borehole NHH10A. Loading direc-
tions are (a) N61°W and (b) N29°E.
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Figure A-9. Deformation modulus as a function of test depth in borehole SHHO5A. Loading direc-
tions are (a) N61°W and (b) N29°E.
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Appendix B
Rock Deformation Modulus vs Borehole Depth
(Recalculated Preheating Measurements of Heuze et al., 1981)
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Figure B-1. Deformation modulus as a function of test depth in the north segment of borehole
MBIO07. Loading directions are (a) N61°W and (b) vertical. Based on raw data from Heuze et al. (1981),
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Figure B-2. Deformation modulus as a function of test depth in the south segment of borehole
MBI07. Loading directions are (a) N61°W and (b) vertical. Based on raw data from Heuze et al. (1981).
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Figure B-3. Deformation modulus as a function of test depth in the north segment of borehole
MBI14. Loading directions are (a) N61°W and (b) vertical. Based on raw data from Heuze et al. (1981).
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Figure B-4. Deformation modulus as a function of test depth in the south segment of borehole
MBI14. Loading directions are (a) N61°W and (b) vertical. Based on raw data from Heuze et al. (1981).
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Appendix C
Effects of Measurement Error on Estimates of Deformability

The caleulated deformation modulus E, [Eq. (1)] is based on the ratio of the change in hydraulic line
pressure AQy to the change in borehole diameter AD. It is useful to know how measurement errors in
these quantities affect the accuracy of this ratio. Although the ratio was determined graphically as the
slope of the linear portion of the jack pressure vs displacement curve, we will assume that this is equiva-
lent to a least squares fit of a straight line through the measurements.

The ratio can be determined from a regression of displacement on pressure, It is reasonable to select
pressure as the regressor variable because the error in the pressure reading compared with the span of
pressures is much smaller than the error in the displacement reading compared with the span of displace-
ments, This leads to the following regression model:

v, =@ + fIx + g e R y (C-1)

where
v, = observed average of near and far LVDT readings in inches,
¥, = Pressure in psi,
i index of the reading,
n = & (typically).
The pressure is the “design” variable in the sense that it is set by the operator. Furthermore, we
assume that the set pressure value is also the true value, the pressure actually applied by the jack.

The ratic AQ,/AD is then the reciprocal of the estimated regression coefficient,

dﬂll ’
B P (C-2)

The random quantity ¢ in Eq. (C-1) represents the measurement error in LVDT. We can estimate the
variance of f§ by

=

o
Vel e (C-3)
Eﬂ["i‘?f

Fa—

I=1

where @, = standard error of the mean LVDT reading (near and far),
A typical set of pressure values is from 5000 to 10,000 psi in equal increments. A conservative value
for o, the variance of the error in the mean LVDT readings, is 0.25 = 10°° in.? The variance of f is

0.25 % 107"

Wa =
i) 175 = 10°

= 0,01429 x 10°1 (C-4)

In general, the variance of a function of f§, (), is given by
Var [6)] = [£ O] var(B)
For f{fh = 1/8 and f§ = mean of f,

Var(f)
i
A typical value for the so-called “true” modulus E, is 5.060 x 10*psi {34.9 GPa), which corresponds to
a calculated modulus E. = 21484 x 10° psi. This in turn corresponds to AQL/AD = 0.72 x 10° psifin,, or
fi = 1.3889 x 10" " in./psi. Using these values, we get

Var (1/8) =

(C-5)

A8



1 001429 x 10" 12
Var - = = 3.839 x 10° psi/in. C-6
B (1.3889 x 106} P (C-6)

which corresponds to a relative standard error of 8.6% for the ratio AQ,/AD. The variance of the calcu-
lated modulus E_ is given by

Var(E) = [(0.86) (0.93)-D-T*)* 3.839 x 10° = 45.703 x 10° psi® . (C-7)
The variance of E, is given by

Var(E,) = (0.979484 — 4.084206 x 10 ® E_ + 5378274 x 10 Y E??® . Var(E) . (C-8)

Using E. = 2.4842 x 10° psi, we get

Var (E) = (17.615) (45.703 x 10%) psi® = 8.05 x 10" psi® | (C-9)

which is equivalent to a standard error of 6.2 GPa.
The use of the reciprocal introduces a statistical bias in the estimate of AQ,/AD because the mean of
the reciprocal is not exactly equal to the reciprocal of the mean. The bias can be calculated by the formula

ELEA] < B) + 3 17(B) - var(h) . (C-10)

where () = 1/8 and B = E(f). The bias is given by

5 s 001429 x 102
E(1/B) - 1/B = 1/B3 Var(f) = ——"-"-——— = 5334 x 10° psi/in. . (C-11)
(1.3889 x 107 P

The bias due to the reciprocal is extremely small and can be neglected.

Thus, if the slopes obtained “by hand” from the graphs are essentially the same as the slopes
obtained from regression analysis, the errors in LVDT values are on the order of 6 GPa. This is about one-
haif the residual standard error of 10 to 13 GPa that was obtained in fitting the statistical models presented
in “Results and Discussion.”
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